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Abstract
The NHþ4 ðNH3Þn ½n ¼ 0–6 clusters have been studied using ab initio calculations. For n ¼ 0 and 1, the geometry of
clusters are optimized at B3LYP, MP2, CCD and QCISD levels with several basis sets, and the binding energies are
compared to experimental results to ﬁnd the reliable and less computationally demanding methods for the calculations
of larger clusters. For n ¼ 2–6, the geometry optimizations and NH stretching vibrational spectra are performed at
B3LYP and MP2 levels with 6-31+G* basis set. The binding energies are corrected by basis set superposition errors
(BSSE) and zero-point vibrational energies (ZPVE). These two approaches that correspondingly predict the ﬁlled ﬁrst
solvation shell are the lowest in energies at n ¼ 1–4. The vibrational frequency shift of ammonium molecules have been
investigated along with the frequency characteristics depending on the presence/absence of outer-shell ammonia mol-
ecules. In this study, the calculated binding energies and the characteristic NH stretching vibrational frequency shift are
in good agreement with experimental data. In addition, the barriers of proton transfer between two heavy atoms and
the internal rotation of ammonia molecular along the NH axis in NHþ4 ðNH3Þn are estimated with several lev-
els.  2002 Elsevier Science B.V. All rights reserved.
1. Introduction
Studies of the structures and properties of
cluster ion in the gas phase have been interesting
for many decades. Molecular cluster ions can be
handled more conveniently because their sizes are
readily selected by mass spectrometric technique.
Ion–solvent interactions play an important role in
the ion chemistry of Earth’s atmosphere which
attract considerable attention [1–3]. Presently, a
number of theoretical and experimental studies
have focused their attention on investigating the
changes in structural and spectral properties of
small clusters in aqueous solutions with increasing
cluster size [4–32]. However, the numbers of ex-
perimental spectra have been obtained, but many
spectroscopic measurements are limited. As that so
experiment spectra only have been conﬁned in
several small clusters [5–17]. Recently advance in
ab initio calculations have allowed the structures,
binding energies and vibrational frequencies of ion
and molecular clusters to be predicted accurately
[4], and the calculations are the useful reference for
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comparison with experiments [8–14]. Particularly,
the density functional theory (DFT) has been
generally used in studying extended systems, such
as clusters.
The importance of tetrahedral ammonium ion
in chemistry and biology is well established. In
order to gain a better understanding of this ca-
tion, its gas-phase properties have attracted huge
interest over the years. So far, many investigators
contributed in this ﬁeld to determine the enth-
alpy, DHo, for formation of the solvated ammo-
nium ion NHþ4 ðNH3Þn and NHþ4 ðH2OÞn. Previous
thermochemical measurements revealed a smooth
decrease in the heat of hydration ðDHn1;nÞ
for the clustering, NHþ4 ðH2OÞn1 þH2O ! NHþ4
ðH2OÞn, as n increases from 2 to 6; whereas, there
exists an abrupt change between DH3;4 and
DH4;5 in the NH3 solvated case [18–20]. A
number of structural isomers for NHþ4 ðH2OÞ4–6 in
a supersonic jet using vibrational predissociation
spectroscopy (VPS) were identiﬁed [5,14]. The
stable isomers of NHþ4 ðH2OÞ1–5 were found by ab
initio calculation [4]. Despite, exploration in how
vibrational frequencies vary with cluster sizes has
been made on NHþ4 ðNH3Þn using VPS in a su-
personic jet, most of the existing calculations
concerns only the properties of NHþ4 or comput-
ing with low level of theory [6,7,17]. The com-
parison between experiments and calculations is
still deﬁcient. In addition, the proton transfer in
clusters remains one of the most important ele-
mentary reactions of chemistry. Within the ﬁeld
of gas-phase ion chemistry, a wide range of
studies have dealt with solvation of protons in
gas-phase clusters, yielding insight into the
structures and energies of ionic microsolvent
clusters [8–14].
In this study, we calculated the total interaction
energies of the reaction, NHþ4 þ nNH3 !
NHþ4 ðNH3Þn and stepwise interaction energies of
NHþ4 ðNH3Þn1 þNH3 ! NHþ4 ðNH3Þn. Also ex-
plored in the calculations was the dependence of the
structures, hydration energies and vibrational fre-
quency shifts on the number of solvent molecules;
how these properties are inﬂuenced by the presence
of outer-shell solvent molecules was investigated.
The barriers of proton transfer between two heavy
atoms and the internal rotation of NH3 molecule
along the NH axis in the smaller ammoniated am-
monium ions were estimated with several levels.
2. Calculation method
The ab initio calculations were performed in
Gaussian 94 package [33]. For NH3 molecule,
NHþ4 ion and NH
þ
4 ðNH3Þ1–6 clusters, the equilib-
rium geometric parameters, vibrational frequen-
cies and thermodynamic quantities were
performed at the MP2 and B3LYP levels with
6-31+G* basis set. Whereas the basis set super-
position error (BSSE) corrections to the binding
energies were estimated using the counterpoise
method of Boys and Bernaridi [34]. The binding
energies for all optimized structures were both
corrected by zero-point vibrational energy (ZPVE)
and BSSE. The BSSE corrections for the stepwise
and total binding energies were made as follows:
(1) The stepwise binding energies, NHþ4
ðNH3Þn1þ NH3 ! NHþ4 ðNH3Þn
EðBSSEÞ ¼ fE½NHþ4 ðNH3Þn1n
 E½NHþ4 ðNH3Þn1g
þ fE½NHþ4 ðNH3Þn  E½NH3g:
(2) The stepwise binding energies, NHþ4 þ
nNH3 ! NHþ4 ðNH3Þn
EðBSSEÞ ¼ fE½NHþ4 n  E½NHþ4 g
þ
Xn
i¼1
fE½ðNH3Þin  E½ðNH3Þig;
where E½NHþ4 ðNH3Þn1n; E½ðNH3Þin and E½NHþ4 n
represent the calculated energies of NHþ4
ðNH3Þn1; ðNH3Þi and NHþ4 considering their ge-
ometries within the clusters, and E½NHþ4
ðNH3Þn1; E½NH3i and E½NHþ4  are the energies
of the individual clusters and ions with the basis
functions centered on themselves.
A complete set of basis functions was employed
to describe NHþ4 ðNH3Þn. The calculation of the
potential energies of proton transfer between two
heavy atoms are estimated at the B3LYP, MP2,
CCD and QCISD levels with 6-31+G* and
6-311++G** basis sets. The potential surface of
proton transfer is scanned against the diﬀerence of
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NH bond length at interval of 0.02 A from bar-
riers to equilibrium geometry. The internal rota-
tion of ammonia along the C3 axis NH
þ
4 NH3 is
estimated at the B3LYP, MP2, CCD and QCISD
levels with 6-31+G* basis set. The potential en-
ergy of internal rotation is estimated by the
change of the torsional angle at an interval of 10
from 0 to 120.
3. Results and discussion
3.1. Energetics and geometries
According to the analysis of the geometric
structures, there are various structural arrange-
ments of NHþ4 ðNH3Þn ½n ¼ 1–6 clusters presented
in Fig. 1 with symmetry consideration. Each
structure is shown by the notation ðn1 þ n2 þ n3Þ,
in which n1; n2 and n3 denote the number of NH3
subunit in the ﬁrst, second and third solvation
shell, respectively. The experimental results lead to
the conclusion that the formation of ammoniated
ammonium ions NHþ4 ðNH3Þn is NHþ4 ðNH3Þn1þ
NH3 ! NHþ4 ðNH3Þn reaction series. Table 1
shows the calculated geometrical parameters for
NHþ4 ðNH3Þ0–6 clusters at B3LYP/6-31+G* and
MP2/6-31+G* levels. In order to compare the
calculated results, both the B3LYP/6-31+G* and
MP2/6-31+G* values are listed, where the latter
are given in the parentheses. The calculated bond
length of NH in NHþ4 ion and in NH3 molecule are
1.027 (1.027) and 1.016 (1.016) A, respectively.
Two important parameters, the NH bond length,
and the distance of NH   N in the NHþ4 ðNH3Þn
clusters are closely related to the interactions in the
NHþ4 ðNH3Þn clusters. The total energies (E) and
the corrected energies (EZPVE and Ef ) obtained
from ab initio calculations with B3LYP/6-31+G*
and MP2/6-31+G* for NHþ4 ðNH3Þn clusters are
presented in Table 2. Also, the total interaction
energies and the stepwise interaction energies are
given in Table 4.
3.1.1. NHþ4 ðNH3Þ cluster
1I is the smallest ionic cluster in the
NHþ4 ðNH3Þn clusters which is solvated by a single
ammonia. Fig. 1 shows two possible isomeric
structures, 1I and 1II, of NHþ4 ðNH3Þ cluster
which belong to the C3v and D3d symmetry, re-
spectively. In 1991, Lee and coworkers [7] pro-
posed that the most possible structure for
NHþ4 ðNH3Þ cluster is D3d symmetry. In this work,
ab initio calculations with B3LYP/6-31+G* and
MP2/6-31+G* levels predict that 1I (C3v) is the
minimum energy isomer in NHþ4 ðNH3Þ cluster.
For 1I cluster, two NH3 subunits are located in
eclipsed conformation. Table 3 compares the
binding energies with and without the BSSE and
ZPVE corrections of isomer 1I at various com-
putational levels. They are performed in an eﬀort
to ﬁnd a reliable and economical method for
predicting the properties of larger clusters. The
calculated ﬁnal interaction energy at the higher
levels is found to converge at Ef  22:5 kcal/
mol, a value which is slightly overestimated by
MP2 using the 6-31+G*, 6-31++G**, 6-311+G**
and 6-311++G** basis sets. It appears that use of
basis sets that are more ﬂexible than 6-31+G*
does not substantially improve the accuracy of the
MP2 calculations. However, if diﬀuse functions
are not imposed on the heavy atoms, considerable
overestimation of the hydration energy can be
made by MP2. As for DFT, using the same basis
sets, the B3LYP overestimates the interaction
energy more than 2 kcal/mol. Similar to that of
MP2, the use of more ﬂexible basis sets only
slightly improves the results of this calculation. A
comparison of the calculated with the measured
values shown in Table 3 reveals that the MP2/6-
31+G* method can provide suﬃciently accurate
estimates for the interaction energy of NHþ4 and
NH3. However, the application of this method to
larger clusters is somewhat impractical at present
since extensive disk space is required. Jiang et al.
[4] concluded from systematic comparisons of the
calculations in predicting the interaction energies
of NHþ4 and H2O in the NH
þ
4 ðH2OÞn clusters that
the B3LYP/6-31+G* can be an alternative since
the DFT-predicted interaction energies agree well
with those of MP2/6-31+G* at a larger n.
Therefore, to test the validity of the B3LYP
method in elucidating ion–molecule interactions,
calculations at both the B3LYP/6-31+G* and
MP2/6-31+G* levels were performed and com-
pared for clusters with a size of n ¼ 2–6.
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According to ab initio calculation, 1II (D3d
isomer) should be a transition structure of proton
transfer and it is higher in energy by 0.5 kcal/mol
(B3LYP/6-31+G* level) than 1I ðC3vÞ isomer. In
the D3d structure, two NH3 subunits equally share
the Hþ proton and which are in the staggered
conformation. Fig. 2 shows the potential surface
of proton transfer between two heavy atoms in the
NHþ4 ðNH3Þ. The prediction of the barrier, which is
found to converge at 2.7 kcal/mol by the higher
level calculation (QCISD/6-311++G**), is signiﬁ-
cantly underestimated at the B3LYP/6-31+G* le-
vel, whereas, it is about 1 kcal/mol underestimated
at the MP2/6-31+G* level.
From the geometrical optimization of structure
1I isomer, the calculated bond length of bonded
NH (b-NH) and free NH (f-NH) in the NHþ4 ion
are found 1.138 (1.098) and 1.025 (1.025) A at
B3LYP (MP2) level, respectively, in Table 1. Par-
ticularly, this elongation of b-NH is due to hy-
drogen bonding interacting in NHþ4 ðNH3Þ cluster.
The distance of NH   N is 1.571 (1.675) A, which
is considerably shorter than the typical separation
of  3 A in neutral van der Waals complexes.
Nearly free internal rotation of NH3 molecules
about their local C3 axes in the ﬁrst solvation shell
was observed in the NHþ4 ðNH3Þ1–6 clusters by VPS
[7]. We also predicted the internal rotational
Fig. 1. Ab initio optimized structures of NHþ4 ðNH3Þ1–6. The N and H atoms are denoted by  and , respectively.
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Table 1
Calculated geometrical parameters for NHþ4 ðNH3Þ0–6 clustersA ;B
Symmetry C3v C2v C3v Cs Td Cs C2v Cs C2v Cs
Structure 1I 2I 3I 3II 4I 4II 4III 5I 6I 6II
NHþ4 ion
b-NHa 1.138 1.078 1.059 1.068 1.049 1.055 1.047 1.044 1.045
(1.098) (1.065) (1.051) (1.059) (1.047) (1.048) (1.042) (1.040) (1.041)
b#-NHb 1.111 1.076 1.092 1.060 1.056 1.064
(1.086) (1.063) (1.076) (1.051) (1.049) (1.054)
f-NH 1.025 1.024 1.023 1.023 1.023 1.023
(1.025) (1.024) (1.023) (1.023) (1.022) (1.023)
First-shell NH3
f-NH 1.023 1.022 1.021 1.021 1.021 1.021 1.020 1.020 1.020
(1.022) (1.022) (1.021) (1.021) (1.021) (1.021) (1.020) (1.020) (1.020)
b-NHc 1.039 1.035 1.037 1.033 1.032 1.037
(1.034) (1.031) (1.033) (1.030) (1.029) (1.033)
f-NH 1.022 1.021 1.021 1.021 1.021 1.021
(1.021) (1.021) (1.021) (1.021) (1.021) (1.021)
Second-shell NH3
f-NH 1.020 1.020 1.020 1.020
(1.020) (1.020) (1.020) (1.020)
b-NHd 1.030
(1.028)
f-NH 1.020
(1.020)
Third-shell NH3
f-NH 1.020
(1.020)
NHþ4 ion
NH   Ne 1.571 1.754 1.848 1.801 1.920 1.875 1.938 1.954 1.945
(1.675) (1.806) (1.886) (1.840) (1.947) (1.907) (1.962) (1.975) (1.960)
NH#   Nf 1.632 1.756 1.691 1.844 1.865 1.815
(1.706) (1.804) (1.745) (1.879) (1.895) (1.855)
First-shell NH3
NH   Ng 2.014 2.060 2.038 2.098 2.106 2.028
(2.069) (2.102) (2.084) (2.130) (2.139) (2.069)
Second-shell NH3
NH   Nh 2.127
(2.159)
b-NH: bonded NH; b#-NH: bonded NH with neighboring NH3 subunit; f-NH: nonbonded NH; f
-NH: nonbonded NH with neighboring shell NH3 subunit;
NH  N: the distance between H and N with neighboring NH3 subunit; NH#   N: the distance between H and N without neighboring NH3 subunit.
AThe bond lengths are in unit of A.
BBonds a–h are denoted in Fig. 1.
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motion with several levels. Fig. 3 displays the
calculated potential surface of internal rotation of
NH3 molecules about their local C3 axes in the
NHþ4 ðNH3Þ by several levels. The calculated bar-
rier is about 12 cm1 which is in agreement with
experimental prediction 10 cm1 [7].
3.1.2. NHþ4 ðNH3Þ2 clusters
For the isomer 2I of NHþ4 ðNH3Þ2 cluster, two
NH3 subunits interact with NH
þ
4 ion by hydrogen
bonding in the ﬁrst solvation shell. The symmetry
analysis reveals that 2I is the only possible struc-
ture for n ¼ 2 cluster, whereas, our calculation
Table 2
Energies (Eh) of NH
þ
4 ðNH3Þn at n ¼ 0–6
Spices B3LYP/6-31+G* MP2/6-31+G*
E EZPVEa Ef b E EZPVEa Ef b
NH3 )56.55699 )56.52247 )56.36320 )56.32806
NHþ4 )56.89459 )56.84469 )56.70117 )56.65068
1I )113.49808 )113.41118 )113.40858 )113.10849 )113.01976 )113.01512
2I )170.08882 )169.96341 )169.95850 )169.50609 )169.37853 )169.37008
3I )226.67300 )226.50973 )226.50267 )225.89791 )225.73200 )225.71945
3II )226.66411 )226.50182 )226.49494 )225.88769 )225.72244 )225.71018
4I )283.25231 )283.05112 )283.04193 )282.28538 )282.08165 )282.06534
4II )283.24586 )283.04527 )283.03640 )282.27747 )282.07379 )282.05790
4III )283.23802 )283.03823 )283.02953 )282.26823 )282.06516 )282.04947
5I )339.82307 )339.58544 )339.57470 )338.66312 )338.42173 )338.40223
6I )396.39325 )396.11876 )396.10634 )395.04030 )394.76129 )394.73857
6II )396.39164 )396.11691 )396.10436 )395.03859 )394.75946 )394.73667
aWith ZPVE corrections.
bWith both ZPVE and BSSE corrections.
Table 3
The calculated ﬁrst hydration energy (kcal/mol) of NHþ4 NH3
Method DE DEZPVEa DEcpb DEf c
B3LYP/6-31G* 33.50 32.22 32.21 30.93
B3LYP/6-31G** 33.74 32.72 32.36 31.35
B3LYP/6-31+G* 29.18 27.61 27.55 25.99
B3LYP/6-31++G** 29.15 27.81 27.81 26.48
B3LYP/6-311++G* 29.13 27.42 27.23 25.52
B3LYP/6-311+G** 28.29 26.93 27.27 25.91
B3LYP/6-311++G** 28.67 26.88 27.66 25.87
MP2/6-31G* 31.16 29.32 28.92 27.08
MP2/6-31+G* 27.69 25.73 24.78 22.83
MP2/6-31G** 31.34 29.90 29.00 27.56
MP2/6-31++G** 27.52 25.92 24.86 23.26
MP2/6-311+G** 27.56 25.97 25.11 23.52
MP2/6-311++G** 27.55 26.00 25.07 23.52
MP4(DQ)/6-311++G**a 26.32 24.91 24.07 22.65
MP4(SDQ)/6-311++G**a 26.44 24.90 24.15 22.62
CCD/6-311++G**a 26.24 24.75 24.01 22.52
QCISD/6-311++G**a 26.35 24.71 24.09 22.44
Expt. 25.4 [36], 24.8 [19], 21.5 [37], 27.0 [38]
aWith ZPVE corrections.
bWith BSSE corrections.
cWith both ZPVE and BSSE corrections.
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shows an optimized NHþ4 ðNH3Þ2 structure with
bent C2v symmetry, which has been obtained by
Hirao et al. [17] with ab initio calculation also. The
predicted bond lengths of the b-NH (NHþ4 ion)
and of the distance of NH  N are 1.078 (1.065)
and 1.754 (1.806) A, respectively (Table 1). In 2I,
the bond length of each b-NH is slightly decreased
by  0:060 ð0:033Þ A, and the NH   N distances
are increased by  0:183 ð0:131Þ A, compared to
those of NHþ4 ðNH3Þ. The interaction energy of the
addition of NH3 to NH
þ
4 ðNH3Þ is 17.15 (16.49)
kcal/mol, which is much less than the interaction
energy 25.99 (22.83) kcal/mol of ½NH3 þNHþ4 !
NHþ4 ðNH3Þ in Table 4. The two NH   N inter-
actions are anti-cooperative (the interaction en-
ergy is negatively nonadditive when the second
NH3 molecule attaches to the ion), which cause the
b-NH bonds, shorten, the NH   N distances in-
crease.
3.1.3. NHþ4 ðNH3Þ3 cluster
Fig. 1 shows two possible NHþ4 ðNH3Þ3 clusters
3I and 3II, which have C3v and Cs symmetries,
respectively. In isomer 3I, the three ﬁrst shell NH3
subunits associate with the hydrogen bond on the
central ammonium ion. The other NHþ4 ðNH3Þ3
ðCsÞ ð2þ 1Þ cluster contains two ﬁrst shell NH3
subunits and one second shell NH3 subunit as al-
most linear conformation. The B3LYP/6-31+G*
calculation predicts that isomer 3I with C3v sym-
metry is 4.85 kcal/mol lower in energy than the
Fig. 2. Calculated potential surface of proton transfer between
two heave atom in NHþ4 NH3.
Fig. 3. Calculated potential surface of internal rotation of NH3
molecular about local C3 axes in NH
þ
4 NH3.
Table 4
Total and stepwise hydration energies (kcal/mol) of ½NHþ4 þ nNH3 ! NHþ4 ðNH3Þn and ½NHþ4 ðNH3Þn1 þ nNH3 ! NHþ4 ðNH3Þn
estimated by B3LYP/6-31+G* and MP2/6-31+G*
Spices B3LYP/6-31+G* MP2/6-31+G*
DEna DEn1;na ;b DEna DEn1;na ;b
1I 25.99 22.83
2I 43.21 17.15 (1I) 39.71 16.49 (1I)
3I 56.83 13.51 (2I) 53.08 13.18 (2I)
3II 51.98 8.83 (2I) 47.26 7.85 (2I)
4I 67.37 10.33 (3I) 64.27 10.74 (3I)
4II 63.90 7.12 (3I) 59.60 6.61 (3I)
4III 59.59 7.63 (3II) 54.31 7.14 (3II)
5I 73.83 6.40 (4I) 69.80 5.61 (4I)
6I 79.59 5.78 (5I) 75.00 5.30 (5I)
6II 78.34 4.66 (5I) 73.81 4.20 (5I)
aWith both BSSE and ZPVE corrections.
bNotations in parentheses denoting the isomers of NHþ4 ðNH3Þn1.
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isomer 3II with Cs symmetry (Table 4). Although
isomer 3II has the same hydrogen bonds as 3I, it is
one H-bond less in the ﬁrst shell which is ionic
hydrogen bonding, and is relatively not favored in
energy. Conclusively, NHþ4 ðNH3Þ3 ðC3vÞ is the
lowest energy structure in NHþ4 ðNH3Þ3 cluster,
which is in accord with experimental prediction by
Lee and coworkers [4]. According to the ab initio
calculations, the bond lengths of b-NH in NHþ4
and the distance of NH   N in NHþ4 ðNH3Þ3 ðC3vÞ
are 1.059 (1.051) and 1.848 (1.886) A, respectively.
Compared to 2I and 1I, this isomer has a shorter
b-NH bond length, accompanied by an increased
NH   N distance.
Does N2H
þ
7 exist in the ammoniated ammo-
nium ions is one of the interests in this study. Ab
initio calculations of HþðH2OÞn indicated that the
H5O
þ
2 ðH2OÞn2 isomers, which are highly sym-
metric, become favorable in energy as cluster size
increases [13]. Especially, H5O
þ
2 ðH2OÞ4 was found
to be the most stable species in the HþðH2OÞ6
isomers [13]. Particularly, in the exploration of
cyclic HþðCH3OHÞ5, the spectroscopic evidence of
symmetric proton stabilization in between two
solvated methanol molecules was observed [8]. We
also considered N2H
þ
7 ðNH3Þ2 species, but our
calculation indicates that it is the transition state
of the proton transfer in 3II. The barrier is 1.88
kcal/mol estimated at QCISD/6-311++G**//
B3LYP/6-311++G** level. Compared to
NHþ4 ðNH3Þ, this barrier is only a little decreased.
3.1.4. NHþ4 ðNH3Þ4 cluster
In the case of n ¼ 4 cluster, 4I ðTdÞ ð4Þ; 4II
ðCsÞ ð3þ 1Þ and 4III ðC2vÞ ð2þ 2Þ have been
considered for the possible structures of
NHþ4 ðNH3Þ4 clusters (Fig. 1). 4I represents the
completion of the ﬁrst solvation shell on the NHþ4
ion. 4II contains three ﬁrst shell NH3 subunits that
interact with NHþ4 ion and one second shell NH3
subunit. This cluster form hydrogen bonding to its
own primary subunit. 4III shows that the NHþ4 ion
is in a linear interaction with two ﬁrst shell NH3
subunits and two second shell NH3 subunits.
The B3LYP/6-31+G* calculation shows that 4I
is more stable than 4II and 4III by 3.47 and 7.78
kcal/mol, respectively (Table 4). It demonstrates
that the isomer with more number of the ﬁrst shell
H-bonds is more stable. Since the most stable
isomer of NHþ4 ðNH3Þ4 cluster belongs to the Td
symmetry, its four NH in NHþ4 should almost be
equal. Theoretically, the bond length of NH in
NHþ4 decreased to 1.049 (1.047) A and the distance
of hydrogen bonding increased to 1.920 (1.947) A.
The bond lengths of NH in NHþ4 and the NH   N
distances are continuously decreased and in-
creased, respectively, from 1I to 4I. The respective
stepwise hydration energies of ðNHþ4 þNH3
! 1IÞ; ð1IþNH3 ! 2IÞ; ð2IþNH3 ! 3IÞ and
ð3IþNH3 ! 4IÞ are all also monotonously de-
creased. These properties reﬂect that both the
charge delocalization of the ion and the hydrogen-
bond anti-cooperativity are reinforced by the extra
NH   N formation.
3.1.5. NHþ4 ðNH3Þ5 cluster
The most stable species is the ﬁrst solvation shell
ﬁlled completely at n ¼ 4 with a tetrahedral sym-
metry. One additional NH3 solvent molecule binds
to successive ﬁrst shell ammoniate. Only 5I with Cs
symmetry is proposed in this paper as the addition
of the ﬁfth NH3 solvent molecule to 4I. Two data
sets concerning the bond length of b-NH and the
distance of NH   N exist for 5I in the ﬁrst solva-
tion shells. In one set where the interaction of
NH   N hydrogen bond is cooperative with that
of the second shell NH  N, the b-NH bond, 1.060
(1.051)A, is lengthened, and the NH   N distance,
1.844 (1.879) A, is shortened, compared to those in
4I. In another set without the second solvation
shell, the bond length of b-NH bond and the dis-
tance of NH   N is slightly decreased and in-
creased, respectively, compared to those in 4I. It
demonstrates that the second shell solvation causes
the unsymmetrical charge delocalization of ion. As
far to the second shell solvation, it involves bond-
ing of the ammonium dimer to the ion, where one
of the ﬁrst shell NH3 is both as proton donor and as
proton acceptor in a linear linkage, the strength of
each NH   N (NHþ4 ion) and NH   N
ðNH3   NH3Þ hydrogen bond is augmented due to
the concerted coupling. Compared to ammonium
dimer, the bond length of b-NH bond and the
distance of NH   N of the NH3   NH3 in 5I is
signiﬁcantly increased and decreased by 0.03 (0.01)
and 0.29 (0.10) A, respectively [35].
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Table 5
Frequencies ðcm1Þ and absorption intensities (km/mol) of NH stretches of NH3;NHþ4 and NHþ4 ðNH3Þn at n ¼ 1–6
Spices B3LYP/6-31+G* MP2/6-31+G* Vibration mode
Scaled freq. Int. Scaled freq. Int.
NH3 3459.1 2.0 3507.1 0.8
3596.0 2.5 3669.5 7.4
3596.0 2.5 3669.5 7.4
NHþ4 3367.8 0.0 3390.8 0.0
3483.8 194.6 3535.3 211.9
3483.8 194.6 3535.3 211.9
3483.8 194.6 3535.3 211.9
1I 1797.3 3148.0 2305.4 2568.5 mbðNHÞi
3427.6 54.9 3455.7 82.5 mf ðNHÞi
3444.0 5.8 3475.5 3.9 mf ðNHÞI
3532.8 107.2 3577.3 135.1 mf ðNHÞi
3532.8 107.2 3577.3 135.1 mf ðNHÞn
3553.6 42.8 3606.3 44.8 mf ðNHÞn
3553.6 42.8 3606.3 44.8 mf ðNHÞn
2I 2559.4 2956.7 2814.1 2446.4 mbðNHÞi
2637.0 967.4 2832.4 810.8 mbðNHÞi
3448.7 5.9 3480.4 5.6 mf ðNHÞi
3448.8 4.0 3480.4 4.4 mf ðNHÞi
3475.0 71.6 3515.8 105.8 mf ðNHÞn
3545.2 75.7 3594.8 97.7 mf ðNHÞn
3561.0 16.0 3614.5 19.8 mf ðNHÞn
3561.1 37.9 3614.5 46.6 mf ðNHÞn
3562.5 0.0 3616.4 0.0 mf ðNHÞn
3562.7 51.6 3616.6 63.9 mf ðNHÞn
3I 2878.7 1969.6 3030.1 222.1 mbðNHÞi
2878.7 969.6 3062.8 652.6 mbðNHÞi
2901.7 265.5 3062.8 1652.6 mbðNHÞi
3450.4 2.0 3482.3 1.9 mf ðNHÞi
3450.4 2.0 3482.3 1.9 mf ðNHÞn
3450.6 0.5 3482.4 0.7 mf ðNHÞn
3520.1 61.7 3569.7 87.5 mf ðNHÞn
3565.6 0.0 3619.9 0.0 mf ðNHÞn
3565.8 19.3 3620.0 30.7 mf ðNHÞn
3565.8 19.3 3620.0 30.7 mf ðNHÞn
3565.9 12.9 3620.2 12.1 mf ðNHÞn
3565.9 12.9 3620.2 12.1 mf ðNHÞn
3566.0 52.7 3620.3 70.6 mf ðNHÞn
4I 3039.0 0.0 3134.3 0.0 mbðNHÞi
3062.6 392.1 3209.0 186.6 mbðNHÞi
3062.6 1392.1 3209.0 1186.6 mbðNHÞi
3062.6 1392.1 3209.0 1186.6 mbðNHÞi
3452.0 0.5 3484.5 0.4 mf ðNHÞn
3452.0 0.5 3484.5 0.4 mf ðNHÞn
3452.0 0.5 3484.5 0.4 mf ðNHÞn
3452.2 0.0 3484.5 0.0 mf ðNHÞn
3569.9 0.0 3624.8 0.0 mf ðNHÞn
3569.9 0.0 3624.8 0.0 mf ðNHÞn
3569.9 0.0 3624.9 0.0 mf ðNHÞn
3569.9 0.0 3624.9 0.0 mf ðNHÞn
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3.1.6. NHþ4 ðNH3Þ6 cluster
Fig. 1 depicts two predicted NHþ4 ðNH3Þ6 iso-
mers, 6I and 6II, which belong to the C2v and Cs
symmetry, respectively. 6I ð4þ 2Þ isomer contains
two second shell NH3 subunits attached to the ﬁrst
solvation shell by hydrogen bonding as C2 axis
symmetry. For 6II (4 + 1+ 1) isomer, it contains
one second shell NH3 subunit and one third shell
Table 5 (continued)
Spices B3LYP/6-31+G* MP2/6-31+G* Vibration mode
Scaled freq. Int. Scaled freq. Int.
3569.9 0.0 3624.9 0.0 mf ðNHÞn
3570.1 40.5 3625.0 57.5 mf ðNHÞn
3570.1 40.5 3625.0 57.5 mf ðNHÞn
3570.1 40.5 3625.0 57.5 mf ðNHÞn
5I 2873.0 1517.1 3041.8 1007.9 mbðNHÞi
3077.4 366.9 3183.8 550.1 mbðNHÞi
3104.0 1235.5 3242.3 1080.6 mbðNHÞi
3106.9 1263.8 3244.6 1087.6 mbðNHÞi
3304.0 356.9 3389.8 239.7 mbðNHÞn
3452.4 0.2 3485.3 0.1 mf ðNHÞn
3452.8 0.2 3485.7 0.1 mf ðNHÞn
3452.9 0.1 3485.7 0.1 mf ðNHÞn
3452.9 0.1 3488.4 0.1 mf ðNHÞn
3498.4 49.1 3556.0 86.3 mf ðNHÞn
3559.9 6.6 3618.8 11.5 mf ðNHÞn
3570.8 12.3 3626.6 17.9 mf ðNHÞn
3570.8 10.8 3626.7 13.1 mf ðNHÞn
3571.5 10.5 3627.2 13.1 mf ðNHÞn
3571.6 21.4 3627.2 36.8 mf ðNHÞn
3571.8 0.6 3627.8 3.0 mf ðNHÞn
3571.9 28.4 3627.9 38.6 mf ðNHÞn
3573.6 10.0 3633.5 15.5 mf ðNHÞn
3576.2 8.7 3635.7 13.9 mf ðNHÞn
6I 2923.6 2044.7 3068.7 427.9 mbðNHÞi
2935.2 743.2 3096.4 716.2 mbðNHÞi
3120.5 607.8 3235.6 717.1 mbðNHÞi
3145.8 1156.5 3275.8 1002.9 mbðNHÞi
3311.8 524.2 3395.4 324.7 mbðNHÞn
3314.0 162.1 3396.8 132.4 mbðNHÞn
3453.4 0.1 3486.7 0.0 mf ðNHÞn
3453.4 0.1 3486.8 0.0 mf ðNHÞn
3453.6 0.1 3488.8 0.0 mf ðNHÞn
3453.7 0.0 3488.8 0.1 mf ðNHÞn
3499.8 74.5 3559.1 119.0 mf ðNHÞn
3500.1 27.5 3559.3 57.0 mf ðNHÞn
3560.6 0.0 3620.7 0.0 mf ðNHÞn
3560.7 11.9 3620.8 21.9 mf ðNHÞn
3573.1 8.5 3629.4 12.7 mf ðNHÞn
3573.1 17.2 3629.5 25.8 mf ðNHÞn
3574.0 0.0 3630.0 0.0 mf ðNHÞn
3574.1 25.9 3630.2 38.4 mf ðNHÞn
3575.2 2.4 3634.6 4.1 mf ðNHÞn
3575.2 16.8 3634.6 26.2 mf ðNHÞn
3576.9 0.0 3636.5 0.0 mf ðNHÞn
3576.9 16.6 3636.5 26.9 mf ðNHÞn
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NH3 subunit as binding by hydrogen bonding. The
B3LYP calculation indicated that isomer 6I is
more stable than isomer 6II by 1.25 kcal/mol
(Table 4). There exist two data sets for the b-NH
bond length and the NH   N distance in both 6I
and 6II and they are exactly opposite in phase
(Table 1). In the case when NH   N (NHþ4 ion) is
cooperative with NHN (outer shell), the b-NH
bond length is longer but the NH   N distance is
shorter, compared to those in 4I.
The isomer 6II is calculated to see how intense
the inﬂuence of ion. Due to the increased cooper-
ative interactions of hydrogen bonding, the b-NH
(NHþ4 ion) bond is further lengthened and the
NH   N (NHþ4 ion) bond is shortened. It means
that the additional hydrogen bond formation
strengthens the interaction of NH   N (NHþ4 ion).
The results demonstrate the important role the
cooperative eﬀect plays in the hydrogen bonded
systems.
3.2. Vibrational frequencies and IR spectra
The calculated NH stretching frequencies with
B3LYP/6-31+G* and MP2/6-31+G* for the en-
ergy minimum structure of NHþ4 ðNH3Þn ½n ¼ 1–6
cluster are given in Table 5. The stretching fre-
quencies of NH in the ammonium ion
NHþ4 ðNH3Þn clusters could be classiﬁed in terms of
(i) b-NH in NHþ4 ion with hydrogen bonded to
the nearest NH3 molecule ½mbðNHÞi,
(ii) f-NH in NHþ4 ion ½mfðNHÞi,
(iii) f-NH in NH3 molecule ½mbðNHÞn, and
(iv) b-NH in NH3 molecule with hydrogen
bonded to the nearest NH3 molecule as second
solvation shell ½mfðNHÞn.
In this paper, we compare the stretching fre-
quencies of the most stable isomer of
NHþ4 ðNH3Þn ½n ¼ 1–6 cluster and ignore the other
Fig. 4. Vibrational spectra of bonded NH stretching in NHþ4
and NH3, and the lowest energy isomers of NH
þ
4 ðNH3Þn at
n ¼ 1–6 predicted by B3LYP/6-31G*.
Table 6
DHn and DGn (kcal/mol), of NH
þ
4 þ nNH3 ! NHþ4 ðNH3Þn at 298.15 K
NHþ4 ðNH3Þn B3LYP/6-31+G* MP2/6-31+G* Expt.
DHn DGn DHn DGn DHon DGon
1I 26.99 18.82 23.76 15.80 21.5a, 27.0b 15.5a, 17.5b
2I 45.75 26.75 41.02 26.56 37.7a, 44.0b 24.9a, 26.5b
3I 58.34 36.10 54.53 32.09 51. 2a, 60.5b 30.9a, 32.9b
3II 54.78 29.39 48.83 27.13
4I 69.06 36.31 65.61 36.09 62.9a, 75.0b 34.3a, 36.7b
4II 65.69 36.50 61.20 32.74
4III 62.12 29.54 56.05 27.21
5I 76.52 36.88 71.78 36.13 69.9a, 82.5b 34.7a, 37.2b
6I 83.41 33.73 78.19 29.90 76.4a 34.7a
6II 81.72 32.73 76.48 30.56
aRef. [37].
bRef. [38].
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isomers. The calculated frequencies are scaled by
the factors 0.977 and 0.957 for B3LYP/6-31+G*
and MP2/6-31+G*, level calculations, respectively,
which are referred to the observed absorption of
NH stretching in NH3 [7]. Fig. 4 illustrates the
calculated spectra of NHþ4 ðNH3Þn at n ¼ 1–4. The
frequency red-shift of the b-NH stretching is great
and the red-shift decreases as n increases, an in-
dication of the bond weakening of NH   N (NHþ4
ion) as n increases. The reduction of the red-shifts
agrees well with the variation of the b-NH (NHþ4
ion) bond length, the NH   N distances, and the
interaction energies of NH   N hydrogen bond-
ing with n. All these changes lead to the same
conclusion that, as the number of NH   N (NHþ4
ion) bonds increases, the anti-cooperative eﬀect
intensiﬁes. While the changes in the mfðNHÞi fre-
quencies are irregular, depending on isomers, the
general pattern is in good accord with ion charge
delocalization eﬀects which force the mfðNHÞi to
resonate at a higher frequency at a larger n. For
mfðNHÞn, the frequency changes are small and the
trend of frequency shift is similar to that of the
mnðNHÞi as n increases. From the intuition of hy-
drogen bonding nature, the NH3, as a proton ac-
ceptor, donor electrons to NHþ4 , which weakens
the electron overlap of NH bond and causes the
red-shift of f-NH stretching. As cluster size in-
creases, the anti-cooperative of hydrogen bonding
weakens the electron donating ability of NH3; re-
sulting in a smaller frequency red-shift.
3.3. Thermodynamic quantities
The calculated thermodynamic data, which in-
cluded DHn and DGn values of the reactions
NHþ4 þ nNH3 ! NHþ4 ðNH3Þn, are tabulated in
Table 6. These data contain the values of DHn
and DGn generated through MP2 and B3LYP
both using BSSE and ZPVE corrected energies.
The predicted DHn and DGn values with respect
to the experimental results are given in Fig. 5.
Noticeably, the predicted values of DHn and
DGn for the dominant species by B3LYP/6-
31+G* are always larger than those by MP2/6-
31+G*. The prediction of interaction energies
from ab initio calculations falls in the range of the
observations. It is noted, however, that the diﬀer-
ence in prediction between these two methods
gradually reduces as n increases. Since no more
ionic-hydrogen bond can be formed, there exists
discontinuity in the heat of hydration ðDHnÞ for
the clustering, NHþ4 þ nNH3 ! NHþ4 ðNH3Þn, at
n ¼ 4.
4. Conclusions
Both B3LYP/6-31+G* and MP2/6-31+G*
methods have been applied to investigate the ge-
ometries, energies and vibrational spectra of
NHþ4 ðNH3Þn structural isomers at n6 6 through-
out this work. Results indicate that ion–dipole
interactions dominate the solvation process of
NHþ4 ðNH3Þn before the ﬁrst solvation shell is
(a)
(b)
Fig. 5. Calculated hydration energies DHn and DGn of the
lowest energy isomers of NHþ4 ðNH3Þn at n ¼ 1–6 using B3LYP/
6-31G* and MP2/6-31G*.
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completely ﬁlled, whereas the second shell hydra-
tion is primarily determined by the hydrogen
bonding interactions between NH3 molecules. The
interaction energies of the important species de-
crease monotonously and the discontinuity exists
as the second shell solvation occurs.
In the solvation processes, there are many
properties, such as geometries, interaction energies
and vibrational frequencies, that are inﬂuenced by
the nonadditivity of hydrogen bonding interac-
tions. The cooperative interactions, where bridge
molecule is both proton donor and acceptor, will
enhance the interactions of hydrogen bondings
which cause the b-NH stretchingmore red-shift, the
lengthening of the b-NH and shortening the dis-
tance of hydrogen bonds. Whereas, anti-coopera-
tive interactions, where NHþ4 plays a role as a
multiple proton donor, will weaken the interactions
of hydrogen bondings which cause the reverse in-
ﬂuences on the b-NH stretchings, the bond lengths
of the b-NH and the distances of hydrogen bonds.
The higher level calculations show nearly free
internal rotation of NH3 molecules about their
local C3 axes in the ﬁrst solvation shell and it is in
good agreement with the prediction by VPS [7].
Our calculations also reveal that N2H
þ
7 ion does
not exist in the NHþ4 ðNH3Þn clusters.
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